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ABSTRACT: While slow release of chemicals has been widely applied for drug delivery, little work has been done on using
this general nanotechnology-based principle for delivering nutrients to crops. In developing countries, the cost of fertilizers
can be signiﬁcant and is often the limiting factor for food supply. Thus, it is important to develop technologies that
minimize the cost of fertilizers through eﬃcient and targeted delivery. Urea is a rich source of nitrogen and therefore a
commonly used fertilizer. We focus our work on the synthesis of environmentally benign nanoparticles carrying urea as the
crop nutrient that can be released in a programmed manner for use as a nanofertilizer. In this study, the high solubility of
urea molecules has been reduced by incorporating it into a matrix of hydroxyapatite nanoparticles. Hydroxyapatite
nanoparticles have been selected due to their excellent biocompatibility while acting as a rich phosphorus source. In
addition, the high surface area oﬀered by nanoparticles allows binding of a large amount of urea molecules. The method
reported here is simple and scalable, allowing the synthesis of a urea-modiﬁed hydroxyapatite nanohybrid as fertilizer
having a ratio of urea to hydroxyapatite of 6:1 by weight. Speciﬁcally, a nanohybrid suspension was synthesized by in situ
coating of hydroxyapatite with urea at the nanoscale. In addition to the stabilization imparted due to the high surface area
to volume ratio of the nanoparticles, supplementary stabilization leading to high loading of urea was provided by ﬂash
drying the suspension to obtain a solid nanohybrid. This nanohybrid with a nitrogen weight of 40% provides a platform for
its slow release. Its potential application in agriculture to maintain yield and reduce the amount of urea used is
demonstrated.
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Functional hybrid nanomaterials have received scientiﬁcinterest because combinations of nanocomponents giverise to multifunctional properties due to synergistic eﬀects
from interfacial particle−particle interactions.1 Hydroxyap-
atite [(Ca10(PO4)6(OH)2] nanoparticles (HA NPs) and their
hybrids have been extensively studied because of their relevance
in material science, biology, and medicine.2,3 HA is the key
constituent of human and animal hard tissues, and it is widely
used as a bioceramic due to its biocompatibility.4 Much of
the literature on HA NPs is focused on its use in biomedical
Received: November 18, 2016
Accepted: January 9, 2017
A
rtic
le
www.acsnano.org
© XXXX American Chemical Society A DOI: 10.1021/acsnano.6b07781
ACS Nano XXXX, XXX, XXX−XXX
This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.
applications,5−8 whereas their potential agriculture applications
have not been extensively studied9 except for the work ini-
tiated in our laboratory.10−17 However, naturally occurring
rockphosphate, which is also a HA, is used traditionaly as a
phosphorus fertilizer but has low solubility. Therefore, there is
also increased possibility of P solubility to be achieved through a
NP formulation. Furthermore, from a scientiﬁc point of view, the
reactive surface functional groups on the HA NPs oﬀer rich
opportunities for surface modiﬁcation through immobilization of
strategic chemicals for creation of nanohybrids with multifunc-
tional properties.
The Haber−Bosch process for the commercial production of
ammonia demonstrated in 1913 was a watershed event in the
mass production of nitrogen (N) fertilizers for modern
agriculture. Today, nearly half the world population relies on
the increased crop yields, especially wheat and rice, through the
use of N fertilizers, the so-called “green revolution”,18 to access
aﬀordable food. Urea [CO(NH2)2] is the principal N fertilizer
(46% N by weight). However, the premature decomposition of
urea in soil that occurs due to the action of water, volatilization,
and urease enzyme leads to the evolution of ammonia before
it can be eﬃciently adsorbed by the plants. This is a major
challenge for global agriculture and threatens future food
security.19−22
Here, we report a nanohybrid containing HA NPs decorated
with urea in a 6:1 ratio (urea:HA NPs). Importantly, this nano-
hybrid displayed signiﬁcant slow release of N. Based on our
analyses, we infer that urea is weakly bound to HANPs, owing to
their high surface area to volume ratio and surface chemistry. The
slow release of urea from this nanohybrid leads to a reduction in
the rate of urea decomposition in soil, therefore leading to higher
N agronomic use eﬃciency (NAE)23 of plants. We previously
reported a urea-HA nanohybrid at a weight percent ratio of 1:1
that was incorporated into wood chips to achieve a slow release of
urea and enhance yields of rice crops.11 That process, while
showing promise, was cumbersome, and the loading eﬃciency
was low. In this work, we report a simpler approach to demon-
strate the slow release of urea with six times higher loading. In
depth structural studies of the urea-HA nanohybrids (6:1) reveal
that weak interactions between HANPs and urea are responsible
for the slow release of urea.
Urea-HA nanohybrids were synthesized using a one-step
in situ approach where H3PO4 (0.6 M, 250.0 cm
3) was added
dropwise to a suspension containing Ca(OH)2 (19.3 g, 250.0 cm
3)
and urea (150.0 g). Subsequently, these mixtures were ﬂash dried
to obtain dry nanohybrids. Here, the presence of urea in the
medium allows for its coating on HA NP as the nucleation occurs.
Flash drying was used to form a dry nanohybrid and maintain the
6:1 urea to HA NP ratio from the suspension to the solid. It is
noteworthy that traditional oven drying leads to phase separation.
Furthermore, experimentation revealed that a loading at a ratio
of 6:1 was the optimal concentration and an increase in urea
concentration beyond this ratio led to phase separation even under
ﬂash drying. At this concentration and using ﬂash drying, we were
able to scale up the process to produce 87.5 kg of nanohybrids
without compromising the properties (see Methods section).
RESULTS
A transmission electronmicroscopy (TEM) image (Figure 1a) of
HA NPs shows rod-like NPs with diameters ranging from
Figure 1. (a) TEM image of urea-HA nanohybrids showing the nanorod-like superstructure (scale bar represents 10 nm). (b) HRTEM image of
urea-HA nanohybrid representing an internal structure of the urea-coated nanorod (scale bar represents 1 nm). (c) Hexagonal morphology of the
urea-HA nanohybrids (scale bar represents 1 nm). SEM images showing the attachment of beads to form rod-like NPs: (d) bead-like NPs as
synthesized and (e) formation of rod-like structures after spray drying.
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15 to 20 nm and lengths from 100 to 200 nm. Closer TEM
analyses reveal that the rods are coated with urea at nanoscale
dimensions (Figure 1b). According to the scanning electron
microscopy (SEM) analysis, initially nanobeads with dimensions
of 5 nm are formed during the synthesis, followed by the
attachment of beads to form rod-like NPs (Figure 1d,e).
As shown in Figure 1b, two distinct phases can be identiﬁed.
The internal crystalline structures of urea-coated HA nanorods
and self-assembled hexagonal morphology of HA NPs were
observed. Here, crystal lattice planes are perfectly aligned with a
lattice space of about 3.5 Å, corresponding to the interplanar
spacing of (002) planes for hexagonal HA (Figure 1c), suggesting
that the growth of nanorods occurred in the (002) direction.
The polycrystalline nature of the HA NPs is evidenced by the
selected area electron diﬀraction pattern and the broad and low
intensity diﬀraction peak (002) in the powder X-ray diﬀraction
(PXRD) pattern (Figure 2).
The crystallite size calculated using Scherer’s formula was
found to be ∼18 nm, consistent with the TEM observations of
the average size of bead-like NPs. We did not observe any shifts
in the PXRD peak positions before and after HA NP surface
modiﬁcation, which suggests that the attachment of urea to the
Figure 2. (i) Electron diﬀraction patterns of (a) urea and (b) urea-HA nanohybrids. (ii) PXRDpatterns of (a) HANPs, (b) urea-HA nanohybrids,
and (c) urea.
Figure 3. X-ray photoelectron spectra for (i) Ca 2p, (ii) N 2s and (iii) P 2p core levels of (a) HA NPs and (b) urea-HA nanohybrids.
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NPs is weak and the overall structure of HA NPs is not sub-
stantially modiﬁed.
We further studied the nature of interactions between the urea
and HA NPs with X-ray photoelectron spectroscopy (XPS), as
shown in Figure 3. More speciﬁcally, we monitored Ca 2p, N 1s,
and the P 2p binding energies in pure HA NPs and the urea
functionalized NPs.
It can be seen from Figure 3 that the most signiﬁcant shift in
the peak position toward higher binding energy was observed in
the N 1s core level spectra of the urea-HA nanohybrid, indicating
the formation of a new bond between urea and HA NPs through
a N atom of urea. On the other hand, Ca 2p core level spectra of
the urea-HA nanohybrid also show a noticeable shift toward
higher binding energies when HA NPs are combined with urea.
The shift in the binding energy of Ca 2p is signiﬁcant for urea-HA
nanohybrids, suggesting that the chemical environment around
Ca2+ ions in HA has been modiﬁed due to the presence of urea
molecules. Comparing the P 2p core level spectra for HA NPs
and urea-HA nanohybrids, a shift in the peak position of
P 2p core level of HA NPs toward a higher binding energy is
observed when urea is attached to HA NPs, suggesting that
the electron density around P has been inﬂuenced by the
introduction of urea into the system, possibly by forming
H-bonds between phosphate groups of HA NPs and urea.
XPS data suggest that prominent bonding modes are
the metal−ligand interactions between N atoms on urea and
Ca atoms in HA NPs. FTIR characterization suggests that
H-bonding modes are present as well. FTIR spectra (Figure 4)
conﬁrm that theN- andH-bonding environments in the urea-HA
nanohybrids are altered compared to that of pure urea. Bonding
of urea to HA through the N−H environments is also reﬂected as
shifts in the N−C−N stretching and CO regions. Taken
together the FTIR and XPS data reveal that urea bonds to HA
NPs through its carbonyl and amine modes.
In order to understand the change in the surface characteristics
of HA NPs with the degree of urea functionalization, Brunauer−
Emmett−Teller (BET) analysis was carried out for HA NPs and
urea-HA nanohybrids with urea:HA NPs ratios of 1:1 and 6:1.
N adsorption−desorption isotherms of the HA NPs and 1:1
urea-HA nanohybrids revealed a BET surface area of 81 and
56 m2 g−1, respectively. According to the Barrett−Joyner−Helenda
(BJH) method, the average particle volumes for HA NPs and
urea-HA nanohybrid were calculated to be 0.28 cm3 g−1 and
0.25 cm3 g−1, respectively, with an average particle diameter of
Figure 4. FTIR spectra of NH2, CO, and N−C−N regions of (i) HA NP (ii) urea-HA nanohybrid, and (iii) urea only.
Figure 5. (a) Schematic representation of experimental setup for the dissolution studies. (b) Comparison of release behavior of (A) urea and
(B) urea-HA nanohybrids (6:1) in water. The vertical line indicates the time to reach a constant value in cumulative N amounts in pure urea
(99% of the initial amount used) and urea-HA nanohybrids (6:1) (86% of the initial amounts of urea-HA nanohybrid 6:1). In urea-HA
nanohybrids, strongly bound urea, which released over longer periods time (up to 1 week), was detected, suggesting that urea encapsulated
within the nanohybrid is available at diﬀerent stages of release.
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14 and 17 nm, respectively. The reduction of the surface area in
urea-HA nanohybrids suggests successful surface modiﬁcation.
The BET surface area was reduced to 1.8 m2 g−1 when the urea
loading was increased up to a ratio of 6:1, thus conﬁrming a
greater coverage of HA NPs with urea. This is in agreement with
the TEMmicrographs showing a more uniform dispersion of HA
NPs within the urea.
Nitrogen release behavior of the urea-HA nanohybrids in
water was investigated using a rapid water release test using
the set up given in the Figure 5a. Here, urea and urea-HA
nanohybrid, each sample containing N amounts of 0.92 g, were
placed in a column. Distilled water was then pumped from the
bottom of the chamber at a rate of 3.75 mL/min, and water that
elutes was collected at 20 s intervals continuously and analyzed
using FT-IR spectroscopy (see Methods section). This test
(Figure 5a) conﬁrmed that the release rate was reduced by
∼12 times compared to that of pure urea (Figure 5b).
In the rapid water release test, a fast burst release of pure urea
(0.91 g out of 0.92 g or 99% of the N in urea) is seen within the
ﬁrst 320 s of exposure to water. On the other hand, signiﬁcantly
slow and sustained release of N is observed for 6:1 urea-HA
nanohybrids (Figure 5b). Our measurements show that it took
3820 s to release 86% (or 0.79 g) of the N in urea in the 6:1 urea-
HA nanohybrid. The rest of the 0.13 g (14%) of urea in the
nanohybrids is released over a signiﬁcantly longer period of time
up to 1 week. For the urea-HA nanohybrids, the rate of release of
N was 12 times slower compared to pure urea, conﬁrming the
applicability of urea-HA nanohybrids as a slow release N source
for agricultural applications. The slow release factor of N for this
composite is comparable to that reported for urea-montmor-
illonite composites,20,24 where the authors report release times of
1 h for urea versus 10 h for the composite according to their
measurement method. The release proﬁle of the nanohybrid is in
agreement with the bonding mechanism suggested by several
characterization techniques. Here, urea molecules are bound to
HA NPs through a moderately strong bond which reduces the
rate of release of urea. It is noteworthy that the bond between the
two matrices is not too strong, such that the urea release rate is
insuﬃcient in practical applications.
The release kinetics of urea and urea-HA nanohybrid were
studied with existing release models25 using linear curve ﬁtting
and plotted to obtain rate constants and R2 values (Figure 6).
According to the R2 values obtained, the Higuchi model which
follows a Fickian diﬀusion gave the highest R2 of 0.99 for urea-
HA nanohybrids. Therefore, it can be surmised that the release
mechanism is analogous to the release of water-soluble active
molecules from a homogeneous matrix through diﬀusion in slow
release drug formulations. In brief, urea is released from the
nanohybrid through a diﬀusion-controlled mechanism according
to Fickian kinetics. Accordingly, when the nanohybrid contacts
soil moisture, depending on the pH value and the moisture level/
water level, urea releases from the hybrid in a slow and controlled
Figure 6. Comparison of the release kinetics of (i) urea and (ii) 6:1 ratio urea-HA nanohybrids in water using (a) zero-order kinetics, (b) ﬁrst-
order kinetics, (c) Higuchi model, and (d) Korsmeyer−Peppas model.
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manner through a diﬀusion-controlled mechanism, leaving the
NPs in the soil. There was no evidence of HA NPs entering into
the plant.
The bioavailability of the slow release urea-HA nanohybrids
was evaluated at the Rice Research and Development Institute of
Sri Lanka, using rice as the model crop. The experiments were
extended to ﬁeld testing at certiﬁed farms, and it was observed
that the urea-HA nanohybrids show tremendous promise for
slow release. Initial trials on rice farms have revealed that a
savings of up to 50% in urea consumption can be obtained by
using urea-HANP hybrids. The farm ﬁeld trials were extended to
three seasons, and a similar trend in crop yield improvement was
observed (Figure 7).
The ﬁeld trial data suggest that the nanohybrids can be
translated directly to enhanced plant availability and growth while
reducing the N content used by up to 50%. In the farm ﬁeld trial
data, 50% reduction in urea use allows the yield to bemaintained at
∼7.9 tons/hectare, which is notably higher than the yields for the
urea only rice crop yields (7.3 tons/hectare) using the recom-
mended levels of urea. The NAE for the urea-HA nanohybrids is
48%, while the NAE for pure urea is 18%, at the ﬁeld level.
Furthermore, the NPK contents in the leaves obtained from
the rice paddy plants after 4 weeks of germination were
compared for the recommended amount of urea added plants
and 50% of the recommended urea as nanourea added plants.
The results clearly show that there can be a 50% reduction in the
amount of N applied and maintain plant uptake (see Table 1).
CONCLUSIONS
Our results suggest that functionalization of HA NPs with urea
leads to a functional nanofertilizer. We have demonstrated that
urea interacts with HA NPs by amine and carbonyl groups. This
allows a slow release of nitrogen, an important nutrient for plants.
The resulting urea-HA nanohybrids exhibit a slow release of
N relative to pure urea. Release studies in a water medium show
that the slow release can occur for up to 1 week in urea-HA NP
nanohybrids, in contrast with pure urea which is expended within
minutes. Finally, we correlate these slow release properties to a
better rice crop yield at a 50% lower concentration of urea. This
work demonstrates that nanotechnology can be used to develop
slow release fertilizers which can signiﬁcantly reduce the amount
of chemicals used while maintaining yield.
METHODS
Materials. All reagents and chemicals used in this study, other than
those for making the material for ﬁeld trials, were purchased from the
Sigma-Aldrich Company, USA, and were of analytical grade and used
without further puriﬁcation. All solutions were prepared using distilled
water. The bulk nanofertilizer for ﬁeld trials was made from industrial
grade chemicals and reagents with solutions in tap water.
Synthesis of Urea-HA Nanohybrid (urea:HA Ratio 6:1); Scale
Up Process. Solid urea (75 kg) was dissolved in a suspension of
Ca(OH)2 (9.65 kg, 75 L) and allowed to mix for 45 min. H3PO4 (0.6 M,
5.05 L) was added dropwise to the suspension, and the resulting com-
posite with a urea:HA NP ratio of 6:1 was allowed to stir under
mechanical agitation for a further 2 h. The resulting HA NP dispersion
was dried using a ﬂash drying technique at 60 °C to result in a urea-HA
nanohybrid.
Release Behavior of the Urea-HA Nanohybrid in Water;
Accelerated Test. Urea and urea-HA nanohybrid (6:1), each sample
containing N amounts of 0.92 g, were placed in a column. Distilled water
was then pumped from the bottom of the chamber at a rate of 3.75 mL/
min, and water that elutes was collected at 20 s intervals continuously.
Immediately after collecting, the samples were analyzed using FTIR
spectroscopy and for the appearance of a characteristic urea N−C−N
stretching peak in each sample: Bruker Vertex 80 coupled with Ram-FT
module (RAM II) Fourier transform infrared (FT-IR) spectropho-
tometer in a range from 400 to 4000 cm−1 was used for quantitative
analysis. The diﬀused reﬂectance FT-IR mode with potassium bromide
(KBr) beam splitter and RT-DTGS detector was employed for solid
samples, while the attenuated total reﬂectance (ATR) mode was
used for liquid samples. A solid sample (0.5 mg) was mixed with
spectroscopic grade KBr in a ratio of 1:500. For liquid samples, 20 μL of
the sample was directly injected. The peaks were normalized with
respect to an O−H stretching frequency peak of water, which did not
shift, and the area under the peak was analyzed for a N−C−N stretching
frequency peak of urea. Concentration of urea was determined using a
calibration plot ranging from 0.2 to 2 M urea.
Farmers Field Trials for Rice. The experiments were carried out in
a farmer’s ﬁeld after completing the pot and research plot trials.
Experiments were carried out at Samanthurai, Sri Lanka during the
months of September to December, 2015. The soil type at this
geographical location is alluvial with an initial organic matter content of
1−3%, P (7−8 ppm) and K (130 ppm). Field trials were carried out
following the randomized complete block design (RCBD) with each
block having an area of 18 m2. All the trials were carried out as triplicates.
Nitrogen fertilizer in the form of granular urea and urea-HA
nanohybrid (6:1) were applied, and the results were compared to a no
fertilizer applied control experiment. The bench mark value for N was
100 kg/ha. Except nitrogen, phosphorus (as P2O5, 37 kg/ha) and
potassium (as K2O, 45 kg/ha) nutrients were applied to each plot
equally, following the recommendation of the Department of
Agriculture (DOA), Sri Lanka, for the dry zone, and the standard
agronomic practices were used. T1, no fertilizer; T2, granular urea (total
of 100 kg/ha) as three applications at 2 week intervals after seeds were
broadcasted, 30, 40, and 30 kg/ha, respectively; T3, urea-HA
nanohybrid (6:1) (total of 50 kg/ha equal to 50% of DOA) as three
applications at 2 week intervals after seeds were broadcasted, 15, 20, and
Figure 7. Crop yields at farmers ﬁeld trials for no fertilizer (T1),
granular urea according to the recommended amount: 100 kg of
nitrogen/hectare (T2), and urea-HA nanohybrids at 50% of the
recommended amount: 50 kg of nitrogen/hectare (T3).
Table 1. NPK Content in the Leaf After 4 Weeks of
Germination
treatment N % P % as P2O5 K% as K2O
100% urea 2.53 0.015 0.55
50% urea as urea-HA nanohybrid 2.68 0.015 0.61
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15 kg/ha, respectively. Leaf analysis was carried out for NPK content
after 4 weeks of germination.
PXRD Studies. PXRD patterns of all synthesized samples were
recorded using a Bruker D8 Focus X-ray powder diﬀractometer using
Cu Kα radiation (λ= 0.154 nm) over a 2θ range of 3−65°with a step size
of 0.02° and a step time of 1 s.
TEM. Transmission electron microscopic analysis was carried out
using JEOL JEM 2100 microscope operating at 200 keV. The sam-
ples were dispersed in methanol using ultrasonication for 5 min. The
suspended NPs were loaded on lacey carbon- coated copper grids
(300mesh), and the sample containing grids were dried for 24 h at room
temperature prior to observation. Both imaging and selected area
diﬀraction patterns were recorded.
SEM. Scanning electron microscopic analysis was carried out using
a Hitachi SU 6600 scanning electron microscope. The images were
recorded in the secondary electron mode, and the samples were coated
with gold prior to analysis.
XPS. Solid samples (urea, urea-HA nanohybrid (6:1)) were spread
evenly onto the surface of a conducting Cu (3M) tape to form a thin ﬁlm
composed of ﬁnely dispersed powder particles. Then, the loosely bound
particles were blown oﬀ using a stream of dry N2 gas. A monochromatic
X-ray beam generating from an Al Kα source was used as the X-ray
source. The binding energy scale of spectra was aligned to adventitious
carbon at a binding energy (BE) of 284.5 eV, and the intensity was
normalized to the number of scans. The background of the spectra was
subtracted using a fourth-order polynomial function.
FTIR Spectroscopy. Bruker Vertex 80 coupled with Ram-FT
module (RAM II) FTIR spectrophotometer in a range from 400 to
4000 cm−1 was used to determine the chemical structure and the
bonding nature of the composites. A diﬀused reﬂectance FT-IR mode
with potassium bromide (KBr) beam splitter and RT-DTGS detector
was employed for solid samples, while an ATRmode was used for liquid
samples.
BET Analysis. Surface areas of HA and urea-HA nanohybrid were
analyzed using a Micrometrix, ASAP 2010 apparatus. A powdered sam-
ple (30 mg) was subjected to degassing at 573 K for overnight (∼16 h)
prior to the analysis. All samples were oven-dried at 150 °C before
degassing. After the degassing, microphore analysis was conducted for
48 h.
ICP-MS Analysis. A leaf K analysis was carried out using ICP-MS.
The samples were digested according to USEPA 3050 standard. The
measurements were taken using Agilent 7900 ICP-MS.
Leaf Nutrient Analysis.The leaf N content was measured using the
standard Kjeldhal method.26 Total P content was determined using the
vanadomolybdate method,27 and K was analyzed by ICP-MS measure-
ments.
NAE. Nitrogen agronomic use eﬃciency was calculated as given
below:
=
−
− −
−
−
NAE(kg N kg ) yield from nitrogen treatment (kg ha )
yield from no nitrogen treatment (kg ha )/total nitrogen applied
(kg ha )
1 1
1
1
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